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Abstract
Zooplankton contribute a major component of the vertical ﬂux of particulate organic matter to the ocean
interior by packaging consumed food and waste into large, dense fecal pellets that sink quickly. Existing
methods for quantifying the contribution of fecal pellets to particulate organic matter use either visual identiﬁcation or lipid biomarkers, but these methods may exclude fecal material that is not morphologically distinct,
or may include zooplankton carcasses in addition to fecal pellets. Based on results from seven pairs of wildcaught zooplankton and their fecal pellets, we assess the ability of compound-speciﬁc isotope analysis of amino
acids (CSIA-AA) to chemically distinguish fecal pellets as an end-member material within particulate organic
matter. Nitrogen CSIA-AA is an improvement on previous uses of bulk stable isotope ratios, which cannot distinguish between differences in baseline isotope ratios and fractionation due to metabolic processing. We suggest that the relative trophic position of zooplankton and their fecal pellets, as calculated using CSIA-AA, can
provide a metric for estimating the dietary absorption efﬁciency of zooplankton. Using this metric, the zooplankton examined here had widely ranging dietary absorption efﬁciencies, where lower dietary absorption may
equate to higher proportions of fecal packaging of undigested material. The nitrogen isotope ratios of threonine
and alanine statistically distinguished the zooplankton fecal pellets from literature-derived examples of phytoplankton, zooplankton biomass, and microbially degraded organic matter. We suggest that δ15N values of threonine and alanine could be used in mixing models to quantify the contribution of fecal pellets to particulate
organic matter.
The biological pump comprises the ﬁxation of carbon by
phytoplankton in the surface ocean and subsequent physical
removal of this ﬁxed carbon from the surface to the ocean interior, largely by gravitational settling of particles (Longhurst and
Glen Harrison 1989). Larger or denser particles have faster sinking velocities than smaller or less dense particles, and therefore
may play an outsize role in carbon sequestration. In addition,
small, suspended particles and large, sinking particles are often
chemically distinct (Wakeham and Canuel 1988; Abramson
et al. 2010). Zooplankton fecal pellets can inﬂuence both small
*Correspondence: hclose@rsmas.miami.edu
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Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the
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Additional Supporting Information may be found in the online version of
this article.

and large particle chemistry through aggregation and disaggregation. By consuming phytoplankton and organic particles to
produce compact, dense fecal pellets, zooplankton can package
small, suspended particles to produce larger, more quickly settling particles (i.e., “biological aggregation,” Lam and Marchal 2015). Zooplankton also leave chemical traces in smaller
particles in the mesopelagic zone, indicating that material
deriving from fecal pellets may also enter the suspended particle pool via disaggregation (Wakeham and Canuel 1988). The
inﬂuence of fecal pellets on the biological pump is therefore
dynamic, which necessitates measuring the contribution of
fecal pellets to both particle pools to understand the role zooplankton play in the biological pump.
Current estimates of fecal pellet contribution to sinking
particles vary with region, with values ranging widely from
< 1% to 100% of carbon export across the global ocean (compilation by Turner, 2002, 2015). Zooplankton community
ecology and water column characteristics (phytoplankton
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ecology, microbial activity, etc.) can inﬂuence the number,
size, density, and sinking rate of fecal pellets (Dagg
et al. 2014), contributing to these variable regional estimates.
Previous studies rely on visual identiﬁcation of fecal pellets
caught in sediment traps (Wexels Riser et al. 2008; Atkinson
et al. 2012); this method may, however, fail to capture fecal
pellet material that is not morphologically distinct and potentially lead to an underestimation of fecal pellet contribution
to particle export. A method that does not rely on visual identiﬁcation also would be important in detecting the contribution of disaggregated fecal pellet to smaller particles in the
suspended particle pools.
Fecal pellet contributions to carbon export are sometimes
modeled rather than directly measured. Siegel et al. (2014)
used a food web model to determine the contribution of fecal
pellets to particle export out of the euphotic zone. In this
study, fecal pellet ﬂux was modeled as a ﬁxed fraction of the
grazing rate of zooplankton on phytoplankton, which allowed
for an estimate of fecal pellet contribution to particle export
that relied on experimentally determined rates and water column properties (e.g., net primary production, zooplankton
community size). Other food web models (Michaels and Silver 1988) use a grazing rate-ﬁxed assimilation efﬁciency to
estimate how much organic matter passes through the food
web into carbon export via fecal pellets. While a useful tool in
predicting fecal pellet export, such models do not resolve the
underlying particle dynamics and therefore cannot isolate
the distribution of fecal pellet material through particle aggregation and disaggregation. They also rely on ﬁxed rates and
efﬁciencies, and while these are often consistent they can vary
by organism and region (Steinberg and Landry 2017).
Lipid biomarkers are also sometimes used to estimate the
contribution of zooplankton to particle production. However,
most zooplankton biomarkers, such as wax esters, are compounds associated with zooplankton biomass (Wakeham and
Canuel 1988; Pedrosa-Pàmies et al. 2018) and may not be proportionally present in their fecal pellets. Zooplankton biomass
itself can, additionally, contribute to particles in the water column in the form of molts and carcasses (Steinberg and
Landry 2017). For example, wax esters are primarily used by
crustacean zooplankton for energy storage (Sargent and FalkPetersen 1988; Lee et al. 2006), and therefore cannot be used
to distinguish zooplankton biomass from fecal pellets, or identify fecal pellets of other types of zooplankton (e.g., gelatinous
zooplankton). Cholesterol, another common zooplankton biomarker, is found in both fecal pellets and zooplankton
(Harvey et al. 1989). Additionally, fecal pellets may chemically
resemble the zooplankton diet, which may make fecal pellets
indistinguishable from other particle components (Schnetzer
and Steinberg 2002). Dinosterol, a biomarker for dinoﬂagellates, has been recovered in fecal pellets (Harvey et al. 1989).
Lipid biomarkers therefore may have a limited use in distinguishing fecal pellets from zooplankton biomass or phytodetritus in particles.

Compound-speciﬁc isotope analysis of amino acids (CSIAAA) is a promising tool for distinguishing the sources contributing to natural materials. Hannides et al. (2020), Gloeckler
et al. (2018), and Romero-Romero et al. (2020) have used
nitrogen CSIA-AA to determine the small vs. large particulate
food sources forming the base of mesopelagic and bathypelagic food webs. Because nitrogen CSIA-AA records isotopic
fractionation during metazoan and microbial metabolism
(Chikaraishi et al. 2007; Ohkouchi et al. 2017), it may be able
to track the metabolic alteration that occurs in fecal pellets,
which distinguish them from other organic matter. Part of this
distinction arises from the use of CSIA-AA to estimate the trophic position, or the level in the food web, of an organism
(Chikaraishi et al. 2007). To our knowledge, the trophic position of fecal pellets has yet to be determined using this
method. The trophic position of particles such as fecal pellets
is imparted by the heterotrophic microbes that colonize them
or the remnants of consumer biomass that they contain. Comparing zooplankton trophic position to corresponding fecal
pellet trophic position could provide valuable information
about the feeding strategies and dietary efﬁciencies of different
species of zooplankton, or zooplankton communities in different oceanographic regions. In addition, while the carbon and
nitrogen sources of fecal pellets may not differ from those of
other organic matter in the environment, fecal pellets record a
distinct metabolic history while in the gut.
Here, we characterize fecal pellets and corresponding zooplankton biomass from three ocean locations (Fig. 1) using
both bulk and compound-speciﬁc isotope approaches to demonstrate that the CSIA-AA method records sufﬁcient metabolic
information to chemically distinguish fecal pellets as an
organic matter end-member in the water column. We present
here the ﬁrst determination of zooplankton fecal pellet trophic position and compare CSIA-AA methods to bulk stable
isotope methods. We suggest that the comparison of zooplankton biomass trophic position and fecal pellet trophic
position can reﬂect relative assimilation efﬁciencies in
zooplankton and therefore export potential of fecal pellet
production, with a lower dietary assimilation efﬁciency
corresponding to a higher export potential.

Methods
Zooplankton collection
Zooplankton were captured live on four cruises: one in the
northeast Paciﬁc near Ocean Station Papa (RR 1813, August
2018, Export Processes in the Ocean from Remote Sensing
[EXPORTS]), two in the Sargasso Sea off Bermuda (AE 1819,
July 2018 and AE 1910, May 2019; NSF OCE 1829318 and Bermuda Institute of Ocean Sciences-Simons Collaboration on
Ocean Processes and Ecology [BIOS-SCOPE]), and one in the
Southern Ocean off the western Antarctic Peninsula (LMG
1801, January 2018, Palmer Antarctica Long Term Ecological
Research [PAL LTER]) (Table 1). Species collected in the
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northeast Paciﬁc were the salp Salpa aspera and amphipod
Vibilia propinqua, Sargasso Sea collection included three size
classes of combined mixed zooplankton community and one
sampling of Salpa sp., and Antarctic krill Euphausia superba
were collected in the Southern Ocean (Table 1). More detailed
location information and collection methods for each cruise
are included in Supplementary Table S1. Generally, a Reeve,
Metro, or ring net was deployed at night in the upper 200 m
to catch both resident and vertically migrating zooplankton.
Upon recovery, contents of the cod end were diluted into a
larger volume tub containing surface seawater. In the case of

Fig. 1. Sample locations plotted over log of annual average surface chlorophyll (mg/m3). Data from Melin (2013). Locations of cruises: (A) RR
1813, (B) AE 1910, (C) AE 1819, and (D) LMG 1801.

species-speciﬁc samples, animals were picked individually
from the tub using a small container or ladle (for live experiments) or a ﬁne mesh aquarium net. In the case of mixed
communities, the cod end was gently ﬁltered through different combinations of sieves submerged in ﬁltered seawater to
generate size-fractioned subsamples, similar to the approach
of Stamieszkin et al. (2021); those analyzed here include > 1,
1–2.5, and 0.25–1 mm.
Fecal pellet generation
After collection, animals were incubated in 0.2 μm ﬁltered
seawater. The incubation chambers consisted of two nested
plastic containers: an intact exterior container, and an interior
container with a mesh bottom of pore size smaller than the
zooplankton, both acid-cleaned. The zooplankton swam freely
in the ﬁltered seawater above the mesh, and their fecal pellets
fell through the mesh to the bottom of the exterior container.
Incubation times were mostly 9–12 h in duration, with the
exception of Sargasso Sea salps, which produced plentiful and
visible fecal pellets in < 2 h (see Table S1). At the end of each
incubation, animals were removed on the mesh of the interior
container, rinsed with ﬁltered seawater, and immediately
stored in precombusted foil in a 80 C freezer. The remaining
water from the experiment contained the fecal pellets and was
ﬁltered onto acid-cleaned 6 μm Nitex or precombusted 0.7 μm
GF/F ﬁlters (Table S1). Filters were stored in precombusted foil
at 80 C.
Sample preparation
With the exception of the E. superba samples, which partially thawed on transport and were refrozen, zooplankton
and fecal pellet ﬁlters remained frozen at 80 C until
processing in the lab. Once in the lab, zooplankton and fecal
pellets collected onto Nitex mesh were rinsed onto
precombusted glass ﬁber ﬁlters (GF/F) using ﬁltered sea water
(0.2 μm), returned to 80 C and lyophilized. Ten to 30 whole
animals from each experiment were then homogenized with a
mortar and pestle and stored in precombusted glass vials at
room temperature in a desiccator until further preparation.
Dried fecal pellet ﬁlters were checked for zooplankton and

Table 1. Details of zooplankton and fecal pellet samples including collection year, season, oceanographic region, species collected,
and typical diet of collected species.
Cruise

Year

Region

Season

Species

RR 1813

2018

Northeast Paciﬁc

Summer

Salpa aspera
Vibilia propinqua

AE 1819
AE 1910

2018
2019

Sargasso Sea
Sargasso Sea

Summer
Spring

Salpa sp.
Mixed community (three sizes)

LMG 1801

2018

Southern Ocean

Summer

Euphausia superba
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Diet
Indiscriminate ﬁlter feeders (Henschke et al. 2016)
Speciﬁc and obligate parasite of Salpa aspera (Madin and
Harbison 1977)
Indiscriminate ﬁlter feeders
Filter feeders, indiscriminate and selective, carnivores,
detritivores (Schnetzer and Steinberg 2002)
Phytoplankton and microzooplankton ﬁlter feeders
(Atkinson et al. 2012)
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plastic contamination under a dissecting microscope. All identiﬁed zooplankton biomass and plastic was removed and ﬁlters
were then stored at 20 C.
Bulk isotope analysis
Bulk isotope ratios were determined from the homogenized
zooplankton and fecal pellet ﬁlters using a Thermo Scientiﬁc
Flash Smart coupled with a MAT 253 isotope ratio mass spectrometer with a Conﬂo IV interface. Isotope values are
reported relative to atmospheric N2 for nitrogen and Vienna
Pee Dee Belemnite for carbon (Rstandard).
Compound-speciﬁc isotope analysis
Zooplankton and fecal pellet ﬁlters were hydrolyzed to extract
amino acids (20 h at 110 C, 6N hydrochloric acid), puriﬁed on
cation exchange resin columns (50W-X8, 100–200 mesh) and
derivatized to triﬂuoroacetyl/isopropyl esters for gas chromatography following the methods of Hannides et al. (2013). Two to 5 g
of homogenized zooplankton and a quarter of a fecal pellet ﬁlter
were used in each hydrolysis. The derivatized amino acids were
analyzed for nitrogen isotopic composition on a Thermo Trace
1310 gas chromatograph with a BPX5 column (50 m  0.32 mm,
1.0 μm ﬁlm thickness) through a combined combustion/reduction interface (Thermo Isolink II, 1000 C) and liquid nitrogen
cold trap, interfaced to a Thermo Conﬂo IV and MAT 253 isotope
ratio mass spectrometer. Three injections were made for each sample where possible, with norleucine and aminoadipic acid with
known δ15N values as coinjection standards. For some samples,
only one injection was obtained due to either low protein content
(e.g., species with high chitin or salt biomass weight) or to amino
acid loss during puriﬁcation procedures; through identical treatment of amino acid standards, such losses were determined to
affect quantities of amino acids and not their isotopic values. A
standard solution of 14 amino acids with known δ15N values was
also analyzed with each set of three injections to track instrument
performance, and to correct for instrument drift, including that
due to oxidation state of the reactor (Hannides et al., 2013). Data
from standards injected over the lifetime of the instrument were
used to correct for relationships between measured δ15N values
and peak area on the instrument.
Calculations and statistical analysis
Trophic position (TP) was calculated using the δ15N values
of glutamic acid/glutamine (Glx) and phenylalanine (Phe)
according to the formulation of (Chikaraishi et al. 2009):

TP ¼ δ15 NGlx  δ15 NPhe  3:4 =7:6 þ 1

available for one injection; a conservative analytical uncertainty of 1‰ was estimated for any amino acid that was measured only once in a given sample (Table S2).
We compared various δ15N values and trophic position
(TP) between zooplankton and their fecal pellet (FP) products
as captured in a single incubation experiment:
Δδ15 NzoopFP ¼ δ15 Nzooplankton  δ15 NFP

ð2Þ

ΔTPzoopFP ¼ TPzooplankton  TPFP

ð3Þ

Phe is considered a “source” amino acid—one that retains its
δ15N value from its initial synthesis by primary producers (Popp
et al. 2007; Chikaraishi et al. 2009; Décima et al. 2017). To
account for the source nitrogen isotopic variability between studies and locations, for statistical comparisons all amino acid δ15N
values were normalized by subtracting the Phe δ15N value for
each sample (hereby referred to as “Phe-normalized”).
Amino acid δ15N values for other marine organic matter
end-members were collected from previously published studies:
zooplankton size classes (McClelland et al. 2003; Hannides
et al. 2009, 2013, 2020; Romero-Romero et al. 2020), cultured
phytoplankton (McCarthy et al. 2013), and high molecular
weight dissolved organic matter and mesopelagic ultra-ﬁltered
particulate organic matter (Yamaguchi and McCarthy 2018). High
molecular weight dissolved organic matter and mesopelagic ultraﬁltered particulate organic matter are considered here to be endmembers representing microbially degraded organic matter, based
on the interpretation of Yamaguchi and McCarthy (2018). The
data from this study and previous studies were organized into
groups by end-member: fecal pellets (n = 7), zooplankton
(n = 56), phytoplankton (n = 11), and microbially degraded
organic matter (n = 4). A one-way ANOVA of end-member δ15N
values was run for each Phe-normalized amino acid that was measured in all studies (threonine, Thr; alanine, Ala; Glx; aspartic
acid, Asp; valine, Val; proline, Pro; glycine, Gly; leucine, Leu; serine, Ser) as well as ΣV, a proposed indicator for microbial
resynthesis of trophic amino acids (McCarthy et al. 2007), calculated here without isoleucine (Eq. 4 and 5, where Tr refers to the
average of the ﬁve trophic amino acids used) due to unavailability
of isoleucine data for some samples. A Tukey’s honest signiﬁcant
difference test (Tukey HSD) was run for each amino acid that returned an ANOVA p < 0.05.
δ15 NTr ¼

ð1Þ

Calculation of propagated uncertainty for trophic position
followed Jarman et al. (2017) and was determined using the
standard deviation of β and trophic discrimination factor
terms from Chikaraishi et al. (2009) and the standard deviation of Glx and Phe δ15N values for the replicate injections of
each sample. In some cases, sufﬁcient material was only
2830

1
5

 δ15 NAla þ δ15 NGlx þ δ15 NAsp þ δ15 NPro þ δ15 NLeu
ð4Þ

1
ΣV ¼  δ15 NAla  δ15 NTr þ δ15 NGlx  δ15 NTr
5
þ δ15 NAsp  δ15 NTr þ δ15 NPro  δ15 NTr

þ δ15 NLeu  δ15 NTr
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Results
Bulk results: δ N, δ C, C : N
Bulk δ15N values of zooplankton ranged from 0.3‰ to
6.3‰, varying across study sites (Table 2; Fig. 2A). fecal pellets
generally had lower δ15N values than zooplankton, similar to
the results of Altabet and Small (1990). However, some fecal
pellets had δ15N values similar to or within the uncertainty
range of zooplankton (Table 2; Fig. 2A). Most values for bulk
Δδ15Nzoop-FP fell between 0.5‰ and 2.9‰ (Table 2). The
major exception to this pattern was the Sargasso Sea Salpa
sp. sample, which had fecal pellets with a bulk δ15N value
4.1‰ higher than the zooplankton tissue (i.e., the bulk
Δδ15Nzoop-FP was 4.1‰).
Bulk δ13C values of zooplankton biomass ranged from
27.2‰ to 21.2‰, varying across study sites (Table 2;
Fig. 2B). Bulk δ13C values of biomass were higher than in the
corresponding fecal pellets (Table 2; Fig. 2B). Molar C : N
ratios of zooplankton biomass ranged from 2.0 to 8.2, varying
across species (Table 2; Fig. 2C). Fecal pellets mostly had a
higher C : N ratio than the corresponding zooplankton biomass, (Table 2; Fig. 2C). The single low bulk δ13C value and
high C : N ratio in zooplankton relative to fecal pellets was
found in the NE Paciﬁc S. aspera samples.
15

13

Amino acid compound-speciﬁc δ15N values
δ15N values of Phe in zooplankton biomass ranged from
1.1‰ to 2.6‰, varying across study sites and zooplankton
species (Table 2; Fig. 2D). δ15N values of Phe in fecal pellets
were generally similar to or lower than those of the biomass
(Δzoop-FP 0.1‰ to 2.7‰; Table 2) with the exception of
the two salp samples, in which fecal pellets had signiﬁcantly
higher Phe δ15N values than biomass. The full set of
compound-speciﬁc amino acid δ15N values can be found in
Table S2. Overall, the zooplankton biomass CSIA-AA data,
when normalized to Phe δ15N values, were similar to other
reported values for zooplankton biomass (Hannides
et al. 2020).
The CSIA-AA derived trophic position of zooplankton biomass measured here ranged from approximately 2 to
3 (Fig. 2E; Table 2), matching expectations for a mixture of
primary and secondary consumers (Hannides et al. 2013,
2020). Fecal pellets had a trophic position approximately 0–1
lower than corresponding zooplankton biomass (ΔTPzoop-FP of
0.2–1.1  0.2). The salp and E. superba samples had trophic
position near 2, or a primary consumer trophic position (1.7,
2.0, and 2.2  0.2, respectively). The Sargasso mixed communities had trophic positions 2.3–2.6  0.2; the 1–2.5 mm size
class had a higher trophic position than the other two size
classes. V. propinqua, an amphipod from the NE Paciﬁc, had a
biomass trophic position of 2.5  0.2 while their fecal pellets
had a trophic position of 2.0  0.2 (Table 2; Fig. 2E). These
V. propinqua were collected with the S. aspera in the NE Paciﬁc

and were observed in situ attached to salps (as imaged by the
Underwater Video Proﬁler, UVP5).
Statistical results
Our ANOVA analysis helped to identify which of the CSIA
data were most important in distinguishing fecal pellets from
other types of organic matter. The ΣV calculation was not signiﬁcantly different between end-member groups (p > 0.05;
Table S3). All Phe-normalized amino acids were signiﬁcantly
different (p < 0.05; Supplementary Table S3) amongst the four
organic matter end-member groupings. Pairwise comparison
of end-member data showed that individual amino acids had
a different level of skill in distinguishing particular endmember pairs (p-values, ANOVA, and Tukey HSD; Table S3).
Notably, normalized Ala and Leu δ15N values were signiﬁcantly different across all end-member pairs except microbially
degraded organic matter and fecal pellets (Fig. 3). The Phenormalized δ15N values of Thr and Glx were the only variables
that distinguished microbially degraded organic matter and
fecal pellets (Fig. 3).

Discussion
The goal of this work was to determine if fecal pellets could
be reliably distinguished as a marine organic matter endmember using amino acid stable isotopic compositions. This
method would allow for quantitative estimates of fecal pellet
contribution to carbon export in the ocean and could improve
models of the biological pump. Below, we demonstrate how
the CSIA-AA approach is an improvement on previous bulk
stable nitrogen isotope approaches; bulk isotope ratios are ultimately a combination of trophic and source nitrogen isotope
effects, while CSIA-AA can eliminate variability due to the
δ15N value of nitrogen source. We also present, to our knowledge, the ﬁrst trophic position calculation of fecal pellets and
discuss how this value, in comparison to zooplankton trophic
position, could be used to estimate the absorption efﬁciency
of zooplankton and, thus, the relative impact of their fecal
pellets on the biological pump. While quantitative mixing
models have been extensively developed for carbon isotope
ratios of amino acids (Larsen et al. 2015), the same development has only recently been proposed for nitrogen isotope
ratios (Wall et al., 2021). We compare the ability of nine
amino acids to statistically distinguish fecal pellets, zooplankton biomass, phytoplankton, and microbially degraded
organic matter from one another and suggest hypotheses for
why Thr and Ala are the most useful of these amino acids.
Improved interpretation of fecal pellet bulk isotope ratios
Altabet and Small (1990) interpreted the difference between
zooplankton and fecal pellet δ15N values (Δδ15Nzoop-FP) as a
consequence of the offset in trophic position from zooplankton diet to biomass. They calculated an “apparent food” δ15N
value for each sample by subtracting 3.4‰ from the zooplankton bulk δ15N value, based on consistent dietary
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2.7
0.3
2.6
3.5
2.9
0.20.1
2.61.0
2.3
2.6
6.9
24.7
21.2
3.4
6.3

4.3

0.1
0.2
2.6
1.0
0.2
1.51.0
1.40.1
2.6
2.4
7.0
23.1
22.1
5.7
5.5

4.4

1.3
0.1
0.9
0.5
0.2
0.41.0
1.70.5
2.3
2.2
6.7
22.9
22.4
4.9
5.1

5.7

4.4
0.3
2.9
2.6
4.1
3.31.0
1.10.3
1.4
1.7
11.1
25.0
22.4
4.8
0.7

8.2

2.5
1.1
1.3
0.6
1.8
2.70.7
0.20.2
0.9
2.0
4.4
22.5
23.1
1.5
0.3

5.7

1.0
0.4
1.6
2.1
0.5
0.31.0
1.30.6
2.1
2.5
4.5
27.3
25.2
2.1
1.6

28.1
1.8

Southern Ocean
E. superba
NE Paciﬁc V.
propinqua
NE Paciﬁc
S. aspera
Sargasso Sea
Salpa sp.
Sargasso Sea
Mixed 0.25–
1 mm
Sargasso Sea
Mixed 1–
2.5 mm
Sargasso Sea
Mixed > 1 mm

3.9

27.2

2.9

1.0
0.8
2.8
0.9
2.1
1.61.0
2.61.3
1.4
2.2
4.8

FP
Zoop
δ13C FP
Species

15

δ N
Zoop

15

δ N
FP

13

δ C
Zoop

2.0

Zoop

FP

Trophic position
( 0.2)

Zoop

FP

Phenylalanine δ15
N value (‰)

Δδ15N

Δδ13C

Δzoop-FP

ΔC : N

ΔTP

Δδ15N
Phe

Fecal pellet compound-speciﬁc isotope analysis

Bulk carbon to nitrogen
ratio (C : N)
Bulk stable isotope
ratio (‰,  0.2)

ence between zooplankton and fecal pellets for each value (Δzoop-FP).

Table 2. Results of bulk isotope, carbon-to-nitrogen ratio, and CSIA-AA analyses for paired zooplankton (zoop) and fecal pellet (FP) samples, including the differ-
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fractionations established by Deniro and Epstein (1981),
McCutchan et al. (2003), and others. They argued that the
bulk δ15N value of fecal pellets should have a consistent offset
from this “apparent food” value if the trophic isotope effect in
the gut is what drove the δ15N values of fecal pellets. The
authors found a relatively consistent difference between
“apparent food” and fecal pellet bulk δ15N values of 1.9‰ to
2.4‰, equivalent to bulk Δδ15Nzoop-FP values of 1.0‰
to 1.5‰. This interpretation, however, assumes that there is a
consistent isotopic fractionation in the gut.
Our bulk Δδ15Nzoop-FP results cannot be entirely explained
by such trophic fractionation; our CSIA-AA results instead suggest dynamic dietary sources as a driver of bulk δ15N values for
some zooplankton and fecal pellets we characterized. First,
instead of a positive value, the Sargasso Sea salps had a large
negative bulk Δδ15Nzoop-FP. This Δδ15Nzoop-FP value of 4.1‰
aligns with a Phe Δδ15Nzoop-FP value of 4.4‰ (Fig. 4). The
same pattern of aligned Phe and bulk Δδ15Nzoop-FP values is
observed in the Sargasso mixed community > 1 mm.
Mompean et al. (2016) also found a strong linear relationship
(r2 = 0.733) between bulk δ15N values and Phe δ15N values of
zooplankton along a transect of the North Atlantic, but a weak
relationship (r2 = 0.475) between normalized bulk δ15N values
and trophic position.
Feces in animals can include a combination of undigested
dietary material, enteric bacteria, some metabolites (Harvey
et al. 1989; Prahl et al. 1984), and animal biomass waste (cells
of the animal). If the undigested material had a bulk value of
δ15Nzooplankton –3.4‰, and the animal biomass waste cells had
the same value as δ15Nzooplankton, the possible range of bulk
Δδ15Nzoop-FP due to trophic fractionation is 0–3.4‰. In other
words, Δδ15Nzoop-FP due to ΔTPzoop-FP = 3.4  ΔTPzoop-FP. In
most samples, the bulk Δδ15Nzoop-FP value falls between the
Phe Δδ15Nzoop-FP value and 3.4  ΔTPzoop-FP (Fig. 4). The Sargasso mixed community 1–2.5 mm has overlapping Δ values
for Phe Δδ15Nzoop-FP, bulk Δδ15Nzoop-FP, and 3.4  ΔTPzoop-FP.
In incubation experiments, Tamelander et al. (2006) found
that copepods undergoing a change in diet retained their initial biomass bulk δ15N value as long as 30 d. If the turnover
time for bulk δ15N values in biomass exceeds the time of a
change in diet, the δ15N values of diet and biomass may be
decoupled. CSIA-AA helps to test this hypothesis: in the Sargasso Salpa sp., a large negative bulk Δδ15Nzoop-FP value corresponds with a large negative Phe Δδ15Nzoop-FP value (Table 2;
Figs. 2D, 3). Because Phe maintains the δ15N value of the
nitrogen source at the base of the food web (McClelland and
Montoya 2002; Chikaraishi et al. 2007), a Phe Δδ15Nzoop-FP
value of 0.4‰  0.5‰ (i.e., the small isotopic fractionation
expected at each trophic transfer) would be expected at steady
state. Therefore, we suggest that the source of nitrogen to the
salp biomass was different than the source of nitrogen to fecal
pellets due to a change in diet on a timescale shorter than
average salp tissue turnover. This could be caused by a short
timescale change in salp diet due to vertical migration or a
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Fig. 2. Bulk δ15N values (a), phenylalanine (Phe) δ15N values (δ15NPhe; b), carbon-to-nitrogen molar ratio (C:N; c), bulk δ13C values (d), and CSIA-deter-

mined trophic position (TP; e) for zooplankton (black diamonds) and fecal pellet (red stars) samples. Error bars indicate 1σ analytical uncertainty and
are not visible if the marker size is larger than the uncertainty.

phytoplankton bloom, which could cause the fecal pellets to
have the relatively higher δ15N values of the most recent diet,
while the salp tissue has the lower δ15N value of the average
integrated diet. When considering temporal changes in diet,
potential dietary sources with relatively high δ15N values
include mesopelagic particulate organic matter (Altabet
et al. 1991) or more nitrate-based production (Sigman
et al. 2009). Potential dietary sources with relatively low δ15N
values, by comparison, include epipelagic particulate organic
matter (Altabet et al. 1991) or more ammonium or N2-based
production (Sigman et al. 2009). Better characterization of
local planktonic and particulate food resources would aid in
interpretation of potential heterogeneous dietary resources.

In the NE Paciﬁc S. aspera, and Sargasso mixed community
0.25–1 mm samples, bulk Δδ15Nzoop-FP appears to be inﬂuenced
both by source differences and trophic position differences
between zooplankton and fecal pellets (Fig. 3). Therefore, trophic position and the Δδ15N value of the source nitrogen both
inﬂuence the bulk Δδ15Nzoop-FP (see below).
The bulk Δδ15Nzoop-FP value of the > 1 mm Sargasso mixed
community also was larger in magnitude than what would be
expected from the trophic offset found by Altabet and
Small (1990). In this case, the bulk Δδ15Nzoop-FP was also similar to that of the Phe Δδ15Nzoop-FP value (2.9‰  0.2‰ and
2.7‰  1.0‰, respectively), although opposite in sign to the
salps (Table 2; Fig. 3). This bulk δ15N offset between fecal
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Fig. 3. Results of Tukey HSD for pairwise comparison of end-member groups for the amino acids threonine, alanine, glutamic acid, and leucine. Signiﬁcant differences between end-members are shown in green, solid connecting lines and statistically indistinct end-members are connected by a dotted,
red line.

Fig. 4. The difference between zooplankton and fecal pellets (Δzoop-FP) in: bulk δ15N value (open black circle), Phe δ15N value (black square), trophic

position (TP) (red triangle, secondary y-axis). A bulk δ15N shift of 3.4‰ is commonly interpreted in animal food webs as reﬂecting one trophic level; the
secondary axis for CSIA-AA derived trophic position has been scaled to a δ15N value of 3.4 here so that it is equivalent to the expected trophic shift in
bulk δ15N values. Error bars indicate  1σ analytical uncertainty and are not visible if the marker size is larger than the uncertainty. Bulk isotope data from
Altabet and Small (1990) are included for comparison; symbol size encapsulates the range observed for multiple samples from each of two regions in that
study.

pellets and biomass could also represent a temporal change in
diet, but in this case the recent diet would have lower δ15N
values than the integrated animal diet.
These results suggest that (1) trophic dynamics between an
animal and its fecal pellets cannot be determined using bulk
δ15N values alone and (2) instead nitrogen source in the recent
diet and/or alteration by gut microbiota is the primary driver
of bulk δ15N values in fecal pellets.

Higher bulk δ13C values in zooplankton relative to fecal
pellets (Table 2; Fig. 2B) also could indicate a trophic enrichment, although most zooplankton samples were enriched in
13
C relative to fecal pellets well above the 0.5‰ expected
from a trophic shift (McCutchan et al. 2003). Changes in δ13C
values can also indicate compositional changes: either a
change in diet over time or a difference in the chemical composition from diet to biomass. Tamelander et al. (2006)
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measured stable isotopic composition of copepods, their diet,
and their fecal pellets in a feeding study and reported lower
δ13C values in fecal pellets compared to diet, indicating preferential removal of compounds with higher δ13C values during
digestion. We also found that nitrogen was preferentially
removed from the diet, into biomass; fecal pellets mostly had
a higher C : N ratio than the corresponding zooplankton biomass, (Table 2; Fig. 2C). The single low bulk δ13C value and
high C : N ratio in zooplankton relative to fecal pellets was
found in the NE Paciﬁc S. aspera samples and may be a result
of less complete digestion in this sample than in others we
measured. The relative trophic position of biomass and fecal
pellets in this sample also suggests inefﬁcient digestion of the
NE Paciﬁc salps (below).
Trophic position and zooplankton communities
Our zooplankton trophic position values generally fell in
the expected range of mesozooplankton trophic position of
2–3. In the Sargasso mixed communities, a trophic position
of 2–3 could result from a mixed community engaging in
grazing, detritivory, and some carnivory of smaller zooplankton (Schnetzer and Steinberg 2002). Interestingly, all
three size classes of zooplankton had similar trophic position, indicating similar overall dietary strategies. Active carnivory was observed in the experimental containers for the
1–2.5 mm size class, which is perhaps the cause of the relatively high trophic position we observed in the
corresponding fecal pellets (2.6  0.2; Table 2; Fig. 2E): the
fecal pellets contain animal biomass.
Although obtained from disparate locations, both samples
of Salpa sp. had a biomass trophic position near 2 (2.0 and
1.7  0.2, NE Paciﬁc and Sargasso, respectively; Table 2;
Fig. 2E), as would be expected from zooplankton feeding primarily on phytoplankton and phytodetritus (Madin 1982). In
contrast to the mixed community samples, the trophic position of Salpa sp. fecal pellets were signiﬁcantly lower than
their biomass (trophic position of 0.9 and 1.4  0.2, NE Paciﬁc
and Sargasso, respectively; Table 2; Fig. 2E). E. superba collected during austral summer from the Southern Ocean, like
the NE Paciﬁc salps, had a biomass trophic position of approximately 2 (2.2  0.2), indicating these zooplankton were primarily feeding on phytoplankton, and a lower trophic
position of fecal pellets (1.4  0.2; Table 2; Fig. 2E).
V. propinqua are known to be speciﬁc and obligate parasites
of salps; at different stages during their life cycle V. propinqua
feed on both the salp tissue and the particulate organic matter
collected in the mucous net of the salp (Madin and Harbison 1977). With the expectation that the V. propinqua had
access to feed on both the salp tissue (trophic position
2.0  0.2) and the salps’ dietary materials (inferred trophic
position of 1.0), their trophic position of 2.5  0.2 suggests
that they indeed feed on both. Because our V. propinqua analysis included a homogenized collection of individuals, it is possible that this represents an integrated trophic position of

both juveniles, which feed on salp tissue, and adults, which
feed on the salp’s diet of particulate organic matter (Madin
and Harbison 1977).
ΔTP as a measure of digestion efﬁciency in zooplankton
As stated above, feces in animals can include a combination of undigested dietary material, enteric bacteria, metabolites, and animal biomass waste (cells of the animal). When
considering how these components would inﬂuence the trophic position of zooplankton fecal pellets, we hypothesize
that undigested dietary material would retain the diet’s trophic position (approximately TPzooplankton  1). This would
include any material that has neither been digested nor
absorbed by either the zooplankter or their enteric bacteria. In
contrast, material that is absorbed into zooplankton biomass
would undergo isotopic fractionation during catabolism,
resulting in a higher trophic position (Chikaraishi et al. 2009).
Therefore, we hypothesize that zooplankton biomass waste
that contributes to fecal pellets would have the same trophic
position as the zooplankton body. We hypothesize that the
enteric bacteria feeding on gut contents could also have
the same trophic position as the zooplankton body or higher;
heterotrophic microbes fractionate the nitrogen isotopes of
amino acids similar to animal consumers when catabolizing
amino acids instead of synthesizing them (Yamaguchi
et al. 2017).
We therefore posit that the difference in the trophic position of fecal pellets and corresponding zooplankton biomass, ΔTPzoop-FP, indicates the relative proportion of
undigested dietary material vs. enteric bacteria and animal
cells in fecal pellets. ΔTPzoop-FP thus could indicate the relative composition of fecal pellets: A ΔTPzoop-FP near 1 would
suggest that the proteinaceous material in the fecal pellets is
primarily made of undigested dietary material (Fig. 5),
meaning that the majority of fecal pellet contents would
have the signature of undigested dietary material (approximately TPzooplankton  1). A ΔTPzoop-FP of 0 would suggest
that the proteinaceous material in the fecal pellets is primarily derived from organic matter metabolized by enteric bacteria and/or zooplankton, as these fecal pellet components
are expected to have the same trophic position as the
zooplankton (Fig. 4). Interpreting ΔTPzoop-FP, therefore, is
similar to interpreting absorption efﬁciency. While absorption efﬁciency in zooplankton is typically a direct measure of
the proportion of dietary carbon zooplankton absorbed
across their gut walls (Steinberg and Landry 2017), ΔTPzoop-FP
approximates the proportion of dietary material that passed
through the gut undigested. However, the ΔTPzoop-FP calculation can only be interpreted this way if the zooplankton and
fecal pellets are in steady state, that is, if they are derived
from the same dietary source. In this study we interpret pairs
as “in steady state” if their Phe Δδ15Nzoop-FP values are within
the analytical uncertainty range of a value of 0.4‰. Samples
meeting this condition included E. superba, V. propinqua,
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Fig. 5. Difference in CSIA-determined trophic position (ΔTPzoop-FP) for all presumed steady- state samples with dashed lines highlighting the theoretical

maximum (ΔTPzoop-FP = 1) and minimum (ΔTPzoop-FP = 0). Text indicates our proposed interpretation of this metric with regard to zooplankton absorption efﬁciency and potential carbon export. Greater or lesser export potential refers to the mass of carbon remaining in the fecal pellets after digestion
and not to the actual ﬂux.

Sargasso mixed 0.25–1 mm and Sargasso mixed 1–2.5 mm.
We also include the S. aspera samples from the NE Paciﬁc,
which have a theoretical maximum ΔTPzoop-FP and therefore
would be interpreted similarly regardless of steady state.
If ΔTPzoop-FP can be used as an indicator of the efﬁciency of
zooplankton digestion, we suggest it also reﬂects the potential
efﬁciency of fecal pellet packaging as a vector of the biological
pump. Export models often involve a food web component
(Michaels and Silver 1988; Siegel et al. 2014), which estimates
fecal pellet contribution to carbon export based on parameters
that capture the fraction of dietary carbon that is egested after
zooplankton digestion. Absorption efﬁciency can also be used
to determine the potential organic carbon content of fecal pellets after they are egested by zooplankton (Steinberg and
Landry 2017). Combined, the grazing rate of zooplankton
and their absorption efﬁciency can be used to determine carbon exported by fecal pellets from primary production. However, the efﬁciency of zooplankton digestion—and therefore
the proportion of undigested material in fecal pellets—is variable, even in a single species and region (Atkinson
et al. 2012). If higher values of ΔTPzoop-FP indicate low efﬁciency of animal digestion, then they also indicate greater
fecal packaging of undigested, lower-trophic position material
(Fig. 5). Because each trophic step in a food chain (measured
as trophic position) involves the catabolic loss of dietary carbon as CO2, fecal packaging of lower-trophic position material
(higher values of ΔTPzoop-FP) should also represent greater
overall carbon export potential. This packaging of undigested
material may be exported to depth and serve as a high-quality
food source for midwater organisms.
Using the reasoning above, near-zero values of ΔTPzoop-FP
for the two steady state Sargasso mixed community samples
(Fig. 5) suggest that these zooplankton communities as a
whole efﬁciently digested their diet and expelled very little
undigested dietary material in their fecal pellets. This may

reﬂect a high net dietary efﬁciency of a mixed community
engaging in herbivory, carnivory, and detritivory.
The large ΔTPzoop-FP of the NE Paciﬁc salps suggests that
they have a large proportion of undigested dietary material in
their fecal pellets (ΔTPzoop-FP = 1.1  0.2). The fecal pellets of
NE Paciﬁc Salpa sp. had a relatively low C : N ratio of 4.4, indicating fresher organic matter (Table 2; Fig. 2). In addition, salp
biomass also had a higher C : N ratio and a lower bulk δ13C
value relative to fecal pellets (Fig. 2B), unlike any other
zooplankton-fecal pellet pair, which may both point to a lack
of digestive processing of the recent diet for these salps. These
salps’ lower bulk δ13C value of biomass relative to fecal pellets
could also be due to a shift in phytoplankton diet as discussed
above; different phytoplankton species have different δ13C
values (Popp et al. 1998).
Inefﬁcient digestion and efﬁcient export by salps in the NE
Paciﬁc during the same sampling period (EXPORTS) is also
indicated by our observation of undigested phytoplankton
cells in salp fecal pellets. During the EXPORTS cruise, salp
fecal pellets contributed a large proportion of particle mass
collected in sediment traps whenever S. aspera were present in
the water column (Durkin et al., 2021). It is notable that the
net impact on export potential of fecal pellet production by
salps is of particular importance due to their feeding mode,
which captures small, otherwise nonsinking or slowly sinking particles and repackages them into large, dense pellets
that sink quickly (Madin 1982). This packaging would generate a method by which the organic matter in small particles
could be rapidly transported to the mesopelagic. Incubations
of salp fecal pellets conducted by Caron et al. (1989) and during the EXPORTS cruise (Steinberg et al. in prep.) suggest that
salp fecal pellets are unlikely to be signiﬁcantly altered by
heterotrophic microbes as they sink, and therefore they
could also be a vector of high-quality organic matter to the
mesopelagic zone.
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With a ΔTPzoop-FP near 1 (0.8  0.2), E. superba sampled
here may have been eliminating mostly undigested food
(Fig. 5). This has been observed previously in E. superba fecal
pellets; Belcher et al. (2017) noted that E. superba fecal pellets in locations with high transfer efﬁciency contained
fresh phytodetritus. Atkinson et al. (2012) also noted that
during “high egestion” phases (i.e., high fecal pellet production phases), E. superba tend to have a diet higher in diatoms and lower in microzooplankton. Fast-sinking
E. superba fecal pellets dominate summer carbon ﬂux in the
Southern Ocean (Cavan et al. 2015; Belcher et al. 2017) and
in the region we sampled comprise 82% of the sinking particulate organic carbon collected in sediment traps during
summer (Gleiber et al. 2012). Therefore, these fecal pellets
are a major driver of the biological pump, packaging phytodetritus and exporting it quickly to the mesopelagic. A
ΔTPzoop-FP near 1 conﬁrms this fecal pellet composition.
However, Atkinson et al. (2012) also found that E. superba
fecal pellets with higher proportions of undigested material
sank more slowly than fecal pellets with less undigested
material, thereby exposing them to longer timespans of biological degradation. The relative density of fecal pellets with
different undigested proportions thus can also ultimately
impact fecal pellet export efﬁciency.
With a ΔTPzoop-FP of 0.4 (Fig. 5), the V. propinqua appear to
have had moderately efﬁcient digestion. This could be due
to their insulation from environmental conditions as parasites
living on NE Paciﬁc salps; the availability of food to parasitic
V. propinqua thus places them between superﬂuous (such as
E. superba) and near-starvation (such as the Sargasso mixed
community) food levels.

Zooplankton fecal pellets as a component of particulate
material
The four end-members we compiled from previously published amino acid δ15N data and this study—fecal pellets, zooplankton biomass, phytoplankton biomass, and microbially
degraded organic matter—all potentially contribute to particulate organic matter in the ocean. Our goal was to determine
which, if any, amino acids reliably distinguished these endmembers from one another. We found that Thr and Ala were
the most promising compounds owing both to their ability to
resolve end-members statistically and the existence of theoretical bases for these metabolic distinctions.
While both Thr and Glx were able to statistically distinguish fecal pellets from microbially degraded organic matter,
Thr is likely the better of the two at separating these endmembers due to its distinct metabolic fractionation in animal
metabolisms. Animal metabolic processes impart a low δ15N
value on Thr (Gaebler et al. 1966; McMahon and McCarthy 2016), while the same signature has not been demonstrated for microbial metabolic processes (Fuller and
Petzke 2017). Mompean et al. (2016) also found that Phrnormalized Thr δ15N values of zooplankton demonstrated a
negative relationship with all proxies of trophic transfer; linear regressions between Phr-normalized Thr δ15N varied by
region. When Phe-normalized Thr δ15N values of high molecular weight dissolved organic matter, phytoplankton, zooplankton, and fecal pellets were compared, both fecal pellets
and zooplankton had low Phe-normalized δ15N Thr values relative to high molecular weight dissolved organic matter and
phytoplankton (Fig. 6). That is, end-members involved in animal metabolism (zooplankton and fecal pellets) were

Fig. 6. (A) End-member (fecal pellets, FP; microbially degraded, MD; phytoplankton; and zooplankton) data of phenylalanine (Phe)-normalized threonine (Thr) and alanine (Ala) δ15N values (semi-transparent circles) with end-member means and standard deviations (diamonds with error bars). Fecal pellets and some zooplankton data are from this study. Other data are from published studies, detailed in Table S3. (B) Inset of plot A, highlighting only
labeled zooplankton and fecal pellet samples from this study. Error bars represent the propagated error of the Ala-Phe and Thr-Phe calculations.
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distinguished from those involved in microbial metabolism
(phytoplankton and microbially degraded). Therefore, even
relatively undigested fecal material (samples with high
ΔTPzoop-FP) likely undergoes some alteration in the gut. In contrast, the difference in Phe-normalized δ15N Glx values
between fecal pellets and microbially degraded organic matter
end-members is likely due to a difference in trophic position
between the means of these two groups, and therefore would
not be as robust in a case where the trophic positions were
similar.
Similarly, although both Ala and Leu were successful at
statistically differentiating some end-member materials, we
suggest that Ala has a stronger theoretical basis for endmember separation. The δ15N values of Ala, a trophic amino
acid, increase as organic matter moves up the food web, across
all types of consumers (Décima et al. 2017). However, the
nitrogen isotopic fractionation of Ala appears to be more sensitive to the microbial food web than Glx (demonstrated in
phagotrophic protists; Gutiérrez-Rodríguez et al. 2014; Décima
et al. 2017), which could be especially important when
microzooplankton are dietary items of mesozooplankton. This
concept also is supported by the better ability of Ala δ15N
values than those of Glx in distinguishing between phytoplankton and microbially degraded end-members (Table S3).
When Phe-normalized Ala δ15N values of the four endmembers were compared, zooplankton had the highest δ15N
values, phytoplankton had the lowest δ15N values, and microbially degraded organic matter and fecal pellets fell between
the two (Fig. 6). Here, materials most clearly inﬂuenced
by heterotrophy (microbially degraded organic matter and
primary and secondary consumer biomass) had higher Phenormalized Ala δ15N values, while the low Phe-normalized Ala
δ15N values of phytoplankton are consistent with primary
producers. Fecal pellets likely fall between these groups
because they contain heterotrophic signatures from zooplankton biomass and gut microbiota as well as primary signatures
from undigested phytodetritus.
Combined, Phe-normalized Thr and Ala δ15N values create a two-dimensional separation of all four end-members
(Fig. 6). This separation suggests that this method of sorting
metabolisms could be useful in determining the relative
contribution of these end-members to bulk collections of
detrital organic matter like particulate organic matter or sedimentary organic matter. Because these parameters are internally normalized to Phe δ15N values, similar to trophic
position, samples from different regions or sources can be
compared directly.
We draw a comparison to amino acid carbon isotope ﬁngerprinting, which has been used to quantify the contribution of
various primary producers to organisms’ diets or organic composites (Larsen et al. 2013; Vokhshoori et al. 2014; McMahon
et al. 2015; Jarman et al. 2017). Bayesian isotope mixing
models are employed to estimate the contribution of various
possible primary producer end-members to a mixture. We

suggest that nitrogen CSIA-AA can be used in a similar Bayesian isotope mixing model, such as SIAR or FRUITS, with Phenormalized Thr and Ala δ15N values to quantify the contribution of organic matter end-members to particulate organic
matter based on metabolic signatures, and therefore include
the contribution of fecal pellets to organic matter pools in the
ocean. More data representing end-members, microbially
degraded organic matter in particular, is necessary before the
implementation of a Bayesian mixing model. The fecal pellet
end-members in this study represent “fresh” fecal pellets; fecal
pellets that have been exposed to degradation in the water
column should also be considered in future work. We suggest
that further reﬁnement of this end-member separation may be
achieved in the future with the addition of carbon CSIA-AA
data; this may improve the distinction of signatures deriving
from gut vs. water column bacteria and therefore improve the
distinction between fecal pellets and microbially degraded particulate organic matter.

Conclusions
We explored stable isotopic and trophic commonalities
between mixed community and species-speciﬁc samples of
zooplankton and their fecal pellets from three distinct oceanographic regions. We reach four major conclusions:
• Nitrogen source in the recent diet (including different phytoplankton communities or feeding at different depths)
and/or alteration by gut microbiota is the primary driver of
bulk δ15N values in fecal pellets.
• The relative measure of ΔTPzoop-FP, derived from nitrogen
CSIA-AA, can be used as an indicator of the efﬁciency of
zooplankton digestion and, consequently, the potential efﬁciency of fecal pellets packaging as a vector of the biological pump.
• Nitrogen CSIA-AA can be used to distinguish fecal pellets
from other end-members expected to contribute to marine
organic matter.
• Alanine and threonine are the most useful amino acids for
this end-member separation.
We suggest that future work can use Phe-normalized δ15N
Thr and δ15N Ala values to estimate fecal pellet contribution
to detrital organic matter. The variability of the δ15NThr and
δ15NAla fecal pellet signatures across zooplankton regions and
species beyond those included in this study remains
unknown. The effect of environmental bacterial degradation
in the water column on the CSIA-AA patterns for “aged” fecal
pellets is also unknown and subject to further study. Heterotrophic microbial biomass is not captured by the organic matter end-members presented here, and may be developed with
further CSIA-AA studies and the addition of carbon CSIA-AA.
More work is also needed to determine the underlying causes
of differences in ΔTPzoop-FP, which may be a factor of food
availability, species-speciﬁc feeding strategies, temperature, or
other environmental conditions.
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